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Conversely, given the toxic nature of an activated neu-1Abramson Family Cancer Research Institute
trophil, inappropriately regulated neutrophil activity isUniversity of Pennsylvania
also pathological and associated with conditions suchPhiladelphia, Pennsylvania 19104
as lipopolysaccharide-mediated endotoxic shock (Al-2 Medical Scientist Training Program
dridge, 2002; Liu et al., 1995), inflammatory arthritisUniversity of Pennsylvania
(Wipke and Allen, 2001), and immune complex-mediatedPhiladelphia, Pennsylvania 19104
disease (Coxon et al., 2001).3 Department of Laboratory Medicine
Understanding how neutrophils clear infections orUniversity of California, San Francisco
mitigate harmful inflammation requires understandingSan Francisco, California 94143
the receptor signaling pathways that govern their re-4 Department of Pathology and Laboratory Medicine
sponses. Unfortunately, relatively little is known aboutUniversity of Pennsylvania
neutrophil signaling pathways in comparison to that ofPhiladelphia, Pennsylvania 19104
other lineages. For example, the role of intracellular
adaptor proteins in coordinating signaling events has
been demonstrated in a number of other hematopoieticSummary
lineages, but not in neutrophils. Adaptor proteins utilize
modular domains to form a scaffold upon which criticalWhile the contribution of intracellular adaptor proteins
effectors convene (Yablonski and Weiss, 2001). Adap-to lymphocyte activation has been well studied, the
tors such as Shc (de Koning et al., 1998; Perskvist etfunction of these molecules in innate immune effector
al., 2000; Ptasznik et al., 1995), CrkL (Nichols et al., 1994;cells such as neutrophils has not been extensively
Oda et al., 1994), and paxillin (Fernandez and Suchard,addressed. Here we demonstrate a critical role for the
1998) have been implicated in the regulation of neutro-adaptor molecule SH2 domain-containing leukoctye-
phil signaling through biochemical studies, but directspecific phosphoprotein of 76 kDa (SLP-76) in FcR
genetic evidence demonstrating their role in neutrophiland integrin signaling. Stimulation of these receptors
function has not yet been documented. SH2 domain-induces tyrosine phosphorylation and cytoplasmic re-
containing leukocyte-specific phosphoprotein of 76 kDalocalization of SLP-76 in freshly isolated murine neu-
(SLP-76) is an adaptor required in tyrosine kinase-asso-trophils. Neutrophils lacking SLP-76 demonstrate de-
ciated receptor signaling cascades of multiple lineagescreased FcR-induced calcium flux and reactive
(Jordan et al., 2003; Yablonski and Weiss, 2001) andoxygen intermediate (ROI) production in response to
expressed by neutrophils (Clements et al., 1998a). Earlyimmune complex stimulation. More dramatically, SLP-
studies of SLP-76-deficient mice revealed a T cell devel-76/ neutrophils fail to produce ROI, spread, or acti-
opmental block resulting from a defect in pre-TCR sig-vate critical downstream regulators in response to in-
naling (Clements et al., 1998b; Pivniouk et al., 1998).
tegrin ligation. These results provide genetic evidence
Studies of a Jurkat T cell line deficient in SLP-76 demon-
for a critical role of SLP-76 in the regulation of neutro-
strated that SLP-76 is necessary for extracellular signal-
phil function. regulated kinase (ERK) and phospholipase C1 (PLC1)
activation following TCR ligation (Yablonski et al., 1998).
Introduction SLP-76–/– mast cells fail to degranulate and secrete cyto-
kines following FcR crosslinking causing deficient mice
Neutrophils are the first line of host defense against to be resistant to immunoglobulin E (IgE)-mediated pas-
invading microorganisms. These postmitotic short-lived sive anaphylaxis (Pivniouk et al., 1999). Additionally,
cells are poised to quickly migrate into peripheral tissues platelets of SLP-76-deficient mice demonstrate defects
where they initiate inflammatory responses through the in GPVI collagen receptor-induced aggregation as well
release of cytokines and chemokines (Burg and Pillinger, as IIb3-induced spreading (Clements et al., 1999;
2001). While amplifying the immune response, neutro- Judd et al., 2000).
phils contain and eliminate invading organisms using a Although it was previously recognized that SLP-76 is
variety of killing mechanisms, including phagocytosis, expressed in neutrophils, its functional role in these cells
production of reactive oxygen intermediates (ROI), and had not been examined. In this report, we show that
release of proteases (Burg and Pillinger, 2001; Gregory engagement of both the FcR and integrins results in
and Wing, 2002; Underhill and Ozinsky, 2002). Quantita- tyrosine phosphorylation and cytoplasmic relocalization
tive and qualitative defects in neutrophils are seen in of SLP-76. Further, our work indicates that SLP-76 mod-
human diseases such as congenital or acquired neutro- ulates the FcR-induced calcium mobilization and ROI
production of neutrophils. Additionally, this adaptor is
critical for integrin stimulated ROI generation, cell*Correspondence: koretzky@mail.med.upenn.edu
spreading, and activation of known regulators of signal-5 Present Address: Department of Physiology, Semmelweis Univer-
sity School of Medicine, Budapest, Hungary. ing. These findings provide the first genetic proof that
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Figure 1. Inducible Phosphorylation of SLP-76 in Neutrophils
(A) Murine neutrophils were opsonized with 2.4G2, which binds FcRs II and III. The receptors were hyper-crosslinked with an antibody
recognizing rat immunoglobulin for the designated times. SLP-76 was immunoprecipitated from cell lysates; immunoprecipitates were blotted
for phosphotyrosine (4G10) or SLP-76. These results are representative of three experiments performed in human and mouse neutrophils. *,
serum IgG heavy chain.
(B) Murine neutrophils were plated on poly-RGD or left in suspension for 15 min. Cells were lysed and SLP-76 was immunoprecipitated.
Immunoprecipitates were processed as in (A). This result is representative of two experiments. Arrowhead, nonspecific band.
an intracellular adaptor is essential for signaling events cleates a large multimolecular complex (Jordan et al.,
2003; Yablonski and Weiss, 2001). To assess whetherin neutrophils.
integrin and FcR signaling regulate SLP-76 localization
in neutrophils, we used retroviral infection to expressResults
SLP-76 fused to green fluorescent protein (GFP) in mu-
rine bone marrow. This SLP-76-GFP construct function-FcR and Integrin Stimulation Induce Tyrosine
ally reconstitutes the Jurkat T cell line J14, which lacksPhosphorylation and Membrane Translocation
expression of SLP-76, and traffics normally to glycolipid-of SLP-76
enriched membrane domains in J14 following TCR stim-SLP-76 contains tyrosines that are substrates for acti-
ulation (unpublished data), indicating that the GFP tagvated Syk family kinases (Fang et al., 1996; Wardenburg
does not disrupt normal SLP-76 biology.et al., 1996). Phosphorylation of these residues allows
Neutrophils were harvested 5 weeks following transferassociation of SLP-76 with SH2 domain-containing pro-
of SLP-76-GFP expressing bone marrow into irradiated
teins, an event critical for the role of SLP-76 in facilitating
mice. Between 10 to 70 percent of the neutrophils from
signal transduction in T cells, platelets, and mast cells
each chimeric mouse expressed SLP-76-GFP, as as-
(Judd et al., 2002; Kettner et al., 2003; Myung et al., sessed by flow cytometry. Live cell imaging using confo-
2001). Because inducible phosphorylation of SLP-76 is cal microscopy was employed to study SLP-76-GFP
required for its function in multiple cell lineages, we localization in real time. SLP-76-GFP is dispersed dif-
examined whether FcR or integrin crosslinking induces fusely in the cytoplasm of unstimulated neutrophils
SLP-76 phosphorylation in neutrophils. dropped on a control antibody coated surface (Figure
Neutrophils were isolated from the bone marrow of 2A). This distribution is stable over the 20 min of contact
wild-type mice and opsonized with 2.4G2, a monoclonal time in which the cells were observed. In contrast, neu-
antibody that recognizes FcRII and FcRIII. Inducible trophils contacting surfaces coated with the monoclonal
phosphorylation of SLP-76 is detected 5 min after hyper- antibodies 2.4G2 (anti-FcR) or C71/16 (anti-CD18)
crosslinking of opsonized FcRs (Figure 1A) and is down- spread and demonstrate dramatic redistribution of SLP-
regulated by 10 min following receptor ligation. To as- 76-GFP into punctate clusters that concentrate at the
sess SLP-76 phosphorylation following integrin ligation, contact site (Figures 2B and 2C). This pattern of SLP-
neutrophils were plated upon a surface coated with 76-GFP localization is also seen when cells are plated
poly-RGD, a tri-peptide repeat containing the integrin on poly-RGD (Figure 2D). Figure 2H portrays a sequence
ligand binding motif that crosslinks and activates a vari- of images following the contact of a SLP-76-GFP-
ety of surface integrins. Fifteen minutes following plat- expressing neutrophil with a poly-RGD-coated surface.
ing, tyrosine phosphorylation of SLP-76 was readily de- Initially, the neutrophil is round, and SLP-76-GFP is
tected, while SLP-76 remained nonphosphorylated in evenly dispersed. During the following minute, SLP-76-
suspended neutrophils (Figure 1B). These data demon- GFP begins to cluster with the clusters growing in num-
strate that FcR and integrin signaling regulate SLP-76 ber and changing in distribution as the cell spreads upon
phosphorylation and suggest that this adaptor is active the surface.
in these neutrophil signaling pathways. To assess whether the observed SLP-76 redistribution
In other lineages in which SLP-76 is known to be is merely a nonspecific response to neutrophil activa-
essential, receptor stimulation induces translocation of tion, cells were plated on a nonstimulating surface
coated with poly 2-hydroxyethyl methacrylate (poly-SLP-76 from the cytosol to the membrane where it nu-
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Figure 2. Relocalization of SLP-76 in Response to FcR and Integrin Ligation
Retrovirus encoding the SLP-76-GFP fusion protein was used to infect bone marrow precursors that were transferred to lethally irradiated
syngeneic recipients. Live cell imaging (confocal microscopy) was then used to visualize SLP-76-GFP localization in neutrophils harvested
from reconstituted mice. Neutrophils were dropped onto slides coated with control antibody (A), anti-FcR (2.4G2) (B), anti-CD18 (C71/16)
(C), poly-RGD (D), or poly-HEME (E, F, and G). In (F) and (G), the neutrophils were simultaneously stimulated with fMLP or PMA, respectively.
These micrographs portray slices of the cell near the contact site with the slide and were taken at times between 10 and 15 min following
contact with the surface. SLP-76-GFP remained clustered and peripherally localized for the duration of observation (20 min), although the
distribution of clusters continually changed during this time. Three different cells are shown for each condition and these cells are representative
of those seen in a minimum of three experiments. (H) Portrays a sequence of images taken immediately after a SLP-76-GFP-expressing
neutrophil contacted a poly-RGD-coated surface.
HEME) with and without n-Formyl-Met-Leu-Phe (fMLP) protein-coupled formylated peptide receptors or PMA,
induces SLP-76 redistribution in neutrophils.or phorbol myristate acetate (PMA). Neutrophils plated
on poly-HEME show uniform cytoplasmic distribution
of SLP-76-GFP (Figure 2E). Following activation with SLP-76/ Neutrophils Develop Normally
The above findings suggest that SLP-76 plays a role infMLP, the neutrophils have increased mobility; however,
SLP-76-GFP remains diffusely distributed throughout tyrosine kinase-associated receptor signaling in neutro-
phils. In T cells, tyrosine kinase-associated receptor sig-the cytoplasm (Figure 2F). In response to PMA, the neu-
trophils rapidly spread, but again SLP-76-GFP cluster- naling is essential for the development of this lineage.
As a result, T cell development is profoundly affecteding does not occur (Figure 2G). Together, these data
demonstrate that ligation of the tyrosine kinase-associ- in SLP-76/ mice (Clements et al., 1998b; Pivniouk et
al., 1998). Other lineages, including mast cells (Pivnioukated FcRs and integrins, but not signaling initiated by G
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et al., 1999) and platelets (Clements et al., 1999), differ-
entiate normally in the absence of SLP-76 but utilize
this adaptor in signaling of mature cells. Therefore, we
examined whether the absence of SLP-76 impacted
neutrophil development. Previous studies indicated that
the number and morphology of neutrophils in the bone
marrow and periphery of SLP-76/ mice are grossly
normal (Clements et al., 1999; data not shown). Further
studies revealed that bone marrow-derived SLP-76/
neutrophils expressed equivalent levels of Gr-1 (a matu-
ration maker for neutrophils) as well as the tyrosine ki-
nase-associated integrins and FcRs as wild-type neu-
trophils (data not shown), suggesting that the
development of SLP-76/ neutrophils in intact.
SLP-76/ Neutrophils Demonstrate Decreased
Responses to Immune Complex Stimulation
Crosslinking of the FcR initiates a series of biochemical
second messenger cascades, many of which are criti-
cally regulated by the Syk protein tyrosine kinase (Crow-
ley et al., 1997; Kiefer et al., 1998). Because SLP-76 is
tyrosine phosphorylated following FcR ligation and is
a known substrate of Syk family kinases (Bubeck War-
denburg et al., 1998; Obergfell et al., 2002), we probed
SLP-76-deficient neutrophils for defects in FcR signal-
ing following immune complex (IC) stimulation. To detect
ROI production following FcR ligation, neutrophils were
incubated with FcOxyburst reagent. FcOxyburst con-
Figure 3. SLP-76/ Neutrophils Have Decreased ROI Productionsists of an immune complex covalently linked to dichlor-
and Ca Flux following Immune Complex Stimulationodihydrofluorescein diacetate, a dye that fluoresces
Indo-1-labeled neutrophils from littermate wild-type and SLP-76/upon oxidation allowing detection of ROI produced in
mice were stimulated with immune complexes in the form of FcOxy-
the phagosome (Ryan et al., 1990). Neutrophils were burst reagent. ROI production in the phagolysosome (A) and calcium
also labeled with Indo-1, a calcium sensitive dye for the flux (B) were measured simultaneously by flow cytometry following
simultaneous analysis of calcium flux in response to addition of FcOxyburst reagent (first arrow) and ionomycin (second
arrow). This experiment was repeated with three sets of mice.immune complex stimulation. As shown in Figure 3, SLP-
76/ neutrophils produce lower levels of ROI in the
phagosome (panel A) in response to immune complex
the calcium response in SLP-76/ neutrophils but failsstimulation in comparison to wild-type neutrophils. ROI
to increase ROI production, suggesting that calciumproduction during this experiment was assessed for ex-
alone is not sufficient to rescue the signaling deficit intended periods (up to 20 min) following IC addition.
SLP-76/ neutrophils (Figure 3B).During this time, both lineages continue to produce lin-
early increasing levels of ROI at a constant rate sug-
gesting that SLP-76/ neutrophils produce a quantita- SLP-76/ Neutrophils Fail to Produce ROI
during Adhesion-Dependent Activation Responsestively lower oxidative response rather than a kinetically
slower ROI burst. but Produce ROI Normally after PMA Stimulation
In neutrophils, integrin signaling directs a number ofAlthough there is not a clear consensus on how cal-
cium is involved in FcR signaling (Garcia-Garcia and critical inflammatory responses, including ROI produc-
tion, degranulation, and altered cell motility (Berton andRosales, 2002), evidence suggests that calcium flux reg-
ulates ROI production (Lofgren et al., 1999; Watson and Lowell, 1999; Lowell and Berton, 1999). Because of the
potentially pathologic effects of integrin-activated neu-Edwards, 1998). Therefore, we also examined the cal-
cium response of wild-type and SLP-76-deficient neu- trophils to their host, integrin signaling is tightly regu-
lated; circulating neutrophils require signals from proin-trophils following immune complex stimulation. Similar
to the results in the ROI assay, we found that the calcium flammatory mediators such as chemokines, bacterial
products, and TNF to initiate integrin-induced inflam-response of the SLP-76-deficient cells was markedly
attenuated (Figure 3B). FcR stimulation causes a rapid matory responses. We simulated an inflammatory milieu
in vitro by stimulating bone marrow-derived neutrophilsinitial increase of cytoplasmic free calcium, followed by
a slower plateau phase (Davies et al., 1994). The defec- with TNF or fMLP in the presence of a fibrinogen-
coated surface. In these assays, absence of the proin-tive calcium response in the SLP-76/ cells may result
from slower kinetics of release from intracellular stores, flammatory mediator or the integrin ligand yields mini-
mal ROI production in wild-type neutrophils (Figures 4Aperhaps due to uncoupling the receptor from PLC acti-
vation and generation of inositol triphosphate (IP3) (Da- and 4B and data not shown). When plated on fibrinogen
in the presence of TNF (Figure 4A) or fMLP (Figurevies et al., 1994; Della Bianca et al., 1993). Interestingly,
addition of ionomycin, a calcium ionophore, restores 4B), wild-type neutrophils produce high levels of ROI.
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Figure 4. SLP-76/ Neutrophils Fail to Produce ROI in Adhesion-Dependent TNF and fMLP Responses
Neutrophils were left unstimulated or stimulated with TNF (A), fMLP (B), or PMA (C) when plated on a fibrinogen-coated surface. ROI
production was detected through cytochrome C oxidation. These results are representative of five independent experiments.
In contrast, SLP-76/ neutrophils fail to generate de- mal calcium flux (Figure 5A) and elastase release (Figure
5B) after fMLP stimulation. Proinflammatory signalingtectable ROI following TNF stimulation (Figure 4A) and
produce very low levels of ROI in response to fMLP through the TNF receptor upregulates 2 integrin sur-
face expression (Lowell and Berton, 1999). This re-(Figure 4B), demonstrating that SLP-76 regulates signal-
ing events in the adhesion-dependent inflammatory re- sponse also remains intact in SLP-76/ neutrophils, as
shown by upregulation of Mac-1 surface expression insponse. The low levels of ROI produced by SLP-76/
neutrophils in the presence of fMLP occur with very Figure 5C. Collectively, these studies suggest that proin-
flammatory signaling through TNF and formylated pep-rapid kinetics and likely reflect the adhesion-indepen-
dent fMLP-induced ROI production, which has recently tide receptors is not disrupted by the absence of SLP-76.
been demonstrated to be a Syk kinase-independent re-
sponse (Mocsai et al., 2003). SLP-76/ Neutrophils Fail to Produce ROI
Our data show that SLP-76/ neutrophils have a de- following Integrin Stimulation
fect in ROI production during IC and adhesion-depen- Tyrosine kinase-associated integrin signaling is a com-
dent inflammatory responses. To determine whether this mon component of the TNF- and fMLP-induced adhe-
deficiency in ROI generation results from a receptor- sion-dependent inflammatory responses. The known
mediated signaling defect and not from a global inability role of Syk during regulation of integrin signaling (Mocsai
of the mutant neutrophils to activate the NADPH com- et al., 2002; Obergfell et al., 2002; Vines et al., 2001) and
plex, wild-type and SLP-76/ neutrophils were stimu- the induced tyrosine phosphorylation and relocalization
lated with PMA. As shown in Figure 4C, control and of SLP-76 following integrin stimulation suggest that
SLP-76/ neutrophils produce equivalent levels of ROI, SLP-76 regulates integrin signaling. To test this hypoth-
demonstrating that the distal signaling pathways leading esis, wild-type and SLP-76/ neutrophils were plated
to ROI production are functional in SLP-76-deficient on anti-CD18 antibody-coated or poly-RGD-coated
neutrophils. (Figures 6A and 6B) surfaces to crosslink the integrins.
As shown, these stimuli evoke considerable ROI produc-
tion from wild-type neutrophils but undetectable levelsSLP-76/ Neutrophils Respond Normally
from the SLP-76-deficient cells, demonstrating thatduring Adhesion-Independent TNF
SLP-76 is necessary for integrin-induced ROI produc-and fMLP Stimulation
tion in neutrophils.The adhesion-dependent inflammatory response relies
upon signals generated by proinflammatory receptors
and integrins. To better understand the role of SLP-76 SLP-76/ Neutrophils Fail to Spread following
Integrin Stimulationin this response, we probed signaling events induced
by the proinflammatory formylated peptide and TNF During adhesion-dependent inflammatory responses,
activated neutrophils spread upon integrin ligand-coatedreceptors in SLP-76-deficient neutrophils. fMLP is a
bacterial peptide that activates neutrophils through G surfaces (Berton and Lowell, 1999; Lowell and Berton,
1999). The spreading requires actin-based cytoskeletalprotein coupled formylated peptide receptors and in-
duces calcium flux and degranulation (Dalpiaz et al., rearrangements that are necessary for ROI production
(Nathan, 1987). To analyze whether SLP-76 deficiency2003; Panaro and Mitolo, 1999). These responses are
intact in SLP-76/ neutrophils, which demonstrate nor- impairs the ability of neutrophils to spread, cells were
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ments require signaling through the adaptor molecule
SLP-76.
SLP-76/ Neutrophils Fail to Activate Critical
Integrin Signaling Intermediates
The near complete absence of ROI production and
spreading following integrin ligation in SLP-76/ neu-
trophils suggests that critical mediators of integrin sig-
naling require this adaptor for their activation. Vav (del
Pozo et al., 2003; Miranti et al., 1998; Riteau et al., 2003;
Zheng et al., 1996) and PLC2 (Goncalves et al., 2003)
are known regulators of integrin-induced cytoskeletal
changes. Therefore, we examined their phosphorylation
in the absence of SLP-76. Neutrophils were plated upon
poly-RGD-coated surfaces or left in suspension. While
inducible tyrosine phosphorylation of Vav is easily de-
tected in wild-type cells following integrin ligation, this
signal is markedly decreased in SLP-76/ neutrophils
(Figure 7A). The same is true for PLC2 phosphorylation
(Figure 7B). Similarly, activation of p38 MAP kinase, a
second messenger implicated in the adhesion-depen-
dent inflammatory response (Detmers et al., 1998), is
also defective in SLP-76/ neutrophils (Figure 7C). In
contrast, activation of Syk kinase following poly-RGD
stimulation of SLP-76/ neutrophils was comparable
to that seen in wild-type neutrophils (data not shown).
These data are consistent with the known role of SLP-
76 downstream of Syk family kinases in signaling path-
ways of other lineages.
Discussion
Numerous studies have documented the central role
of intracellular adaptor molecules in regulating tyrosine
kinase-associated receptor signal transduction in multi-
ple hematopoietic lineages including T cells, B cells,
platelets, and mast cells (Jordan et al., 2003; Yablonski
and Weiss, 2001). Although some studies have sug-
gested that adaptors function in neutrophils, the experi-
ments presented here provide the first direct genetic
evidence that an intracellular adaptor is essential for
neutrophil signaling. Stimulation of the tyrosine kinase-
associated FcR and integrins induces phosphorylation
as well as relocalization of SLP-76. SLP-76-deficient
neutrophils have decreased calcium signaling and ROI
production following FcR stimulation. More strikingly,
Figure 5. SLP-76/ Neutrophils Respond Normally to Adhesion- integrin-induced spreading and ROI production are ab-
Independent fMLP and TNF Stimulation
sent in SLP-76/ neutrophils, which is associated with
(A) Calcium flux following fMLP stimulation (arrow) of Indo-1-labeled
defects in activation of Vav, PLC2, and p38. While tyro-neutrophils (representative of three independent experiments).
sine kinase-associated receptor signaling events are(B) fMLP-induced elastase release. Neutrophils were preincubated
impaired by the absence of SLP-76, signaling eventswith cytochalasin B, then stimulated with fMLP at 1 minute and
lysed with CTAB at 4 min (representative of two experiments with induced by TNF, fMLP, and PMA remain intact in SLP-
a total of three sets of mice). 76/ neutrophils. These findings are consistent with
(C) Mac-1 surface expression following TNF stimulation. Neutro- data reported in other lineages that SLP-76 is involved
phils were incubated at 37 for 30 min with or without TNF. Mac-1
in pathways regulated by Syk family kinases.expression was assessed by flow cytometry (representative of
In addition to demonstrating that an adaptor regulatestwo experiments).
signaling in neutrophils, these studies provide one of
the first real time assessments of subcellular molecular
localization of a signaling molecule in primary neutro-stimulated with antibody directed against 2 integrins.
Whereas wild-type neutrophils spread in response to phils. Direct visualization is a powerful tool used to un-
derstand how dynamic molecular rearrangements regu-integrin ligation, SLP-76/ cells fail to respond (Figure
6C). Similarly, SLP-76/ neutrophils spread poorly on late biological function. While this technique has been
used extensively in other lineages, molecular associa-poly-RGD coated surfaces (Figure 6D). These results
demonstrate that efficient integrin-induced actin rearrange- tions in neutrophils have been largely studied through
SLP-76 in Neutrophil FcR and Integrin Signaling
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Figure 6. SLP-76/ Neutrophils Fail to Produce ROI or Spread in Response to Integrin Stimulation
Neutrophils were plated in wells coated with anti-CD18 (A and C) or poly-RGD (B and D). ROI production was detected through cytochrome
C oxidation as measured by spectrophotometry. (These results are representative of three experiments.) Cell spreading was assessed after
neutrophils were incubated at 37 for 30 min, and then fixed. Cells that spread appear darker and larger (thick arrow) than non-spread cells
(thin arrow). (These results are representative of three experiments.)
the use of cell lines, biochemical coimmunoprecipita- may be Syk kinase-independent signaling pathways that
regulate bacterial killing. Evidence for such pathwaystion, and imaging of immunofluorescently labeled mole-
cules in fixed cells. In our studies, retrovirally encoded exists in signal transduction events initiated by both
ITAM-containing (Yokozeki et al., 2003) and non-ITAM-SLP-76-GFP was introduced into bone marrow precur-
sor cells, allowing for minimal manipulation of the short- based tyrosine kinase-associated receptors (Billadeau
et al., 2003; Zompi et al., 2003) in other lineages. In fact,lived mature neutrophils following harvest. Integrin or
FcR stimulation induced rapid redistribution and clus- NKG2D-mediated killing of target cells occurs normally
in Syk-deficient NK cells (Zompi et al., 2003). The normaltering of SLP-76-GFP. We are currently examining the
regions of SLP-76 most critical for its trafficking in neu- in vitro S. aureus killing results underscore the need for
in vivo assays to rigorously examine the importance oftrophils to gain insight into the intermolecular interac-
tions responsible for this process. SLP-76-regulated tyrosine kinase-associated receptor
signaling in neutrophils. Unfortunately, the multiple he-Tyrosine kinase-associated receptors regulate a num-
ber of functions in neutrophils including immune com- matologic phenotypes associated with SLP-76 defi-
ciency (including an absence of T cell developmentplex induced ROI production, migration, and apoptosis
(Coxon et al., 1996; Kiefer et al., 1998; Lu et al., 1997; [Clements et al., 1998b; Pivniouk et al., 1998], impaired
mast cell activity [Pivniouk et al., 1999], decreased plate-Walzog et al., 1999). Interestingly, in ex vivo experiments,
we found that killing of antibody and complement-opso- let aggregation [Clements et al., 1999], and abnormal
vasculature [Abtahian et al., 2003]) precludes the use ofnized Staphylococcus aureus appears largely intact in
SLP-76-deficient neutrophils (data not shown). The rela- mice globally deficient for this adaptor molecule for such
in vivo studies. These experiments will require the gener-tively normal bacterial killing ability suggests a number
of possibilities. The decreased levels of ROI produced ation of mice selectively deficient for SLP-76 in the neu-
trophil compartment.through FcR stimulation with or without additional anti-
bacterial effector mechanisms (myeloperoxidase, nitric Our finding that FcR-induced calcium flux and ROI
production were decreased in SLP-76/ neutrophilsoxide synthesis, and proteases) may be sufficient for
bacterial killing in this in vitro assay. Alternatively, there was surprising, because similar studies using SLP-76/
Immunity
766
degranulation, and altered cell motility (Berton and Low-
ell, 1999; Lowell and Berton, 1999; Williams and Solom-
kin, 1999). Because of the possible pathologic effects
of integrin-activated neutrophils, integrin signaling is
tightly controlled. Circulating neutrophils require signals
from proinflammatory mediators such as chemokines,
bacterial products, and TNF to upregulate integrin ac-
tivity through increases in surface expression, avidity,
and affinity, so-called “inside-out” signaling (Berton and
Lowell, 1999; Laudanna et al., 2002; Lowell and Berton,
1999). Activation of the integrin receptors allows the
tyrosine kinase-associated integrins that interact with
their ligands to transduce “outside-in” signals, leading
to spreading and ROI production. Because of feedback
loops linking inside-out and outside-in signaling, it is
difficult to isolate these signaling events. Further, con-
formation-specific monoclonal antibodies that recog-
nize different affinity states of integrins are not available
in the mouse system, as they are in human (Dransfield
and Hogg, 1989). In this work, we addressed this issue
by showing that formylated peptide receptor signaling
Figure 7. SLP-76/ Neutrophils Fail to Activate Critical Mediators induces the expected calcium flux and elastase release
of Integrin Signaling in SLP-76/ neutrophils. Additionally, TNF receptor
Neutrophils were plated upon a poly-RGD-coated surface for 15 or signaling induces normal upregulation of the 2 integrin
25 min (lanes 2 and 3, respectively) or left in suspension (lane 1). Mac-1 in the absence of SLP-76. Collectively, these data
Vav (A) was immunoprecipitated from cell lysates and examined for
suggest that proinflammatory signaling that directs in-inducible phosphorylation with 4G10 immunoblotting (representa-
side-out signaling is largely intact in SLP-76-deficienttive of three experiments). PLC2 (B) and p38 (C) phosphorylation
neutrophils.were examined through immunoblotting of cell lysates with phos-
pho-specific antibodies (representative of two and five experi- In contrast, outside-in signaling directed by integrins
ments, respectively). clearly requires SLP-76, since SLP-76-deficient neutro-
phils fail to produce ROI or spread following integrin
crosslinking. While the role of SLP-76 in regulating tyro-macrophages (Bonilla et al., 2000; Myung et al., 2001)
sine kinase-associated signal transduction downstreamshowed normal FcR-induced ROI production. To con-
of ITAM bearing receptors, such as the TCR, FcR, andfirm that the lack of detected defects in macrophage
GPVI collagen receptor, has been rigorously probedFcR signaling in the former studies did not result from
(Jordan et al., 2003; Yablonski and Weiss, 2001), the
the different methodology used in the current experi-
requirement for SLP-76 in non-ITAM based tyrosine ki-
ments, macrophages single deficient for SLP-76 as well
nase signaling has been less thoroughly investigated.
as those double deficient for SLP-76 and its homolog
In immunoreceptor signaling pathways, Src-family tyro-
SLP-65 were examined in the FcOxyburst assay. The sine kinases phosphorylate ITAMs, which then recruit
adaptor-deficient macrophages demonstrate normal IC- Syk family kinases (Garcia-Garcia and Rosales, 2002;
induced ROI production (data not shown). One possible Gauld et al., 2002; Singer and Koretzky, 2002). In T cells,
explanation for these divergent observations may be the the ensuing phosphorylation of the lipid raft-embedded
utilization of different classes of FcRs by macrophages linker of activated T cells (LAT) recruits SLP-76 along
and neutrophils. In this regard, murine neutrophils ex- with other signaling mediators to the receptor complex
press the low-affinity FcRIII receptor, while murine (Samelson, 2002). While integrins utilize many of the
macrophages express the high-affinity FcRI receptor same molecules to initiate signaling, the mechanism
(Ravetch and Bolland, 2001); each of these receptors, appears to differ. Recent work has shown that integrin
however, couples with the common Fc chain that coor- receptorchains associate with Syk in a novel phospho-
dinates its downstream signaling. Another explanation tyrosine-independent fashion, involving the N-terminal
includes the possibility that neutrophils and macro- SH2 domain and the interdomain region between the
phages have evolved FcR-induced signaling pathways two SH2 domains of Syk (Woodside et al., 2002). The
that utilize alternative SLP-76 homologs or even entirely distinction between ITAM-bearing receptors and integ-
different signaling mediators. Differences in FcR sig- rins, in at least one cell type, is further underscored by
naling between the two lineages may underlie the dis- the observation that signaling via the IIb3 integrin on
tinct roles that each plays during initiation of immune platelets does not appear to require LAT, while signaling
responses, suggesting the possibility that therapeutic via the ITAM receptor GPVI does (Judd et al., 2002).
strategies that selectively target FcR function in one Additionally, while organization of signaling complexes
lineage without impacting the other may be developed. within lipid rafts is required for GPVI signaling, these
Such therapies might allow for suppression of harmful structures are not observed during IIb3-mediated ac-
inflammatory responses mediated by neutrophils with- tivation (Wonerow et al., 2002). Hence, while it remains
out inhibiting all cellular innate immune responses. to be determined how engagement of tyrosine kinase
In neutrophils, integrin signaling results in a number pathways by leukocyte integrins is initiated, it is clear
that once activated, this pathway utilizes the SLP-76of inflammatory responses, including ROI production,
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Microscopyscaffold in much the same way as described in other
Cell Spreadingimmune receptor pathways.
Wells of a 24-well tissue culture plate were coated with the appro-
priate ligands as above, and neutrophils were stimulated for the 30-
Experimental Procedures 45 min. Cells were fixed by adding an equal volume of formalin
fixing solution (Sigma). Cell spreading was assessed using phase
Mice contrast microscopy.
Generation of SLP-76-targeted mice was previously described Cellular Imaging
(Clements et al., 1998b). Mice for these experiments were raised at The formation and translocation of signaling complexes in primary
the University of Pennsylvania Animal Care Facility under pathogen- mouse neutrophils was monitored using a modified neutrophil
free conditions and used in accordance with the National Institutes spreading assay. Chamber slides (Delta T dish, Bioptechs) were
of Health guidelines. coated with 1 ml each of 15 g/ml poly-RGD, antibodies (all at 20
g/ml in carbonate buffer) to CD18 (C71/16), FcRII/III (2.4G2), or
Isolation of Bone Marrow Neutrophils isotype control, or 1.2 mg/ml Poly-HEME in ethanol (Sigma, P-3932),
Mouse bone marrow-derived neutrophils were prepared as pre- warmed, and preloaded with 1 ml HBSS supplemented with 25 mM
viously described (Mocsai et al., 2003). Purity of the neutrophil prep- Hepes. Some of the Poly-HEME-coated slides were loaded with
arations was assessed using flow cytometry; standard preparations HBSS/HEPES, which additionally contained 10 M fMLP or 100 nM
yielded neutrophils of 90% purity evaluated by surface expression PMA. To initiate the assay, 10 l of cells at 30 	 106 cells/ml were
of Gr-1 (Pharmingen, 553129). injected into the chamber immediately above the aperture of the
objective. Neutrophils were visualized using a Perkin-Elmer Ul-
traview spinning disk confocal system equipped with an Orca-ERIIImmunoprecipitations
For FcR stimulation, neutrophils were resuspended in cold PBS CCD camera (Hamamatsu) and a 525/50 filter for the detection of
EGFP. For these live studies, samples were illuminated with a kryp-containing 4 g/ml 2.4G2 (Pharmingen, 553140) and incubated for
30 min. Opsonized cells were washed twice with cold PBS and ton/argon laser passed through a 488 nm filter. Live images were
collected as vertical Z stacks and then subsampled for the planeresuspended in 50 g/ml goat anti-rat IgG (Southern Biotechnology,
3050-01) for the designated time period at 37C. For poly-RGD stim- of the coverslip. Images were collected using a 60	 or 100	 oil
emersion objective. The temperature of the sample was maintainedulation, tissue culture plates were coated with 15 g/ml poly-RGD
(Sigma, F-5022) in PBS for 1 hr. Neutrophils were plated on the poly- at 37C using chamber slide and objective heaters (Bioptechs).
RGD for 15 to 25 min or left in suspension at 37C. Cells were lysed
using a RIPA based buffer (Mocsai et al., 2002) and lysates were Elastase Degranulation
precleared. SLP-76 antisera (sheep antisera raised against murine Elastase release was measured as previously described (Mocsai
SLP-76 amino acids 136-235) or Vav antibody (Upstate, 05-219) was et al., 2003). In brief, release of elastase was quantified using the
used to immunoprecipitate the respective molecules from lysates fluorigenic elastase substrate N-methoxysuccinyl-Ala-Ala-Pro-
containing 5 to 10 million cell equivalents. Western blots were Val-7-amido-4-methylcoumarin (Sigma). Elastase activity is propor-
probed for SLP-76, Vav, phosphotyrosine (4G10, Upstate, 05-321), tional to the slope of the increase in fluorescence over time. Percent
phospho-p38 (New England Biolabs, 9211), p38 (Santa Cruz, SC- release of elastase in response to fMLP was calculated by sub-
535), phospho-PLC2 (Cell Signaling, 3871), and PLC2 (Santa Cruz, tracting the baseline elastase activity from fMLP-induced elastase
SC-407). activity and dividing this number by the elastase activity detected
in the whole cell lysate (cells lysed with 0.02% cetyltrimethyl-ammo-
nium-bromide detergent [CTAB, Sigma]).Measurement of FcR-Induced Ca Flux and ROI Production
Neutrophils were labeled with the calcium-sensitive fluorochrome
Indo-1 (Molecular Probes, I-1223). Cells were resuspended at 107 Plasmid Construct
cells/ml in HBSS (Ca and Mg free) 0.5% FCS containing 3 g/ml Wild-type SLP-76 cDNA was obtained from murine splenic RNA by
Indo-1 and 4 mM Probencid and incubated at 37C for 20 min. RT-PCR and was then subcloned into EGFP-C1 at the XhoI and
Following two washes in cold PBSg (125 mM sodium chloride, 8 EcoRI sites (Clontech). The cDNA encoding amino terminally tagged
mM sodium phosphate, 2 mM sodium phosphate monobasic, 5 mM WT SLP-76 was then released by digestion with NheI and SalI,
potassium chloride, and 5 mM glucose), cells were resuspended in polished at its 5
 end, and ligated into the MigR1 vector (a gift from
ice-cold PBSg at 107 cells/ml. Two minutes prior to stimulation, cells W. Pear, University of Pennsylvania) (Pear et al., 1998) between HpaI
were diluted to 0.5 million cells/ml in 37 KRP buffer (PBSg  1 mM and SalI.
calcium chloride  1.5 mM magnesium chloride). The neutrophils
were stimulated with 240 g/ml FcOxyburst green (Molecular Bone Marrow Chimeras
Probes, F 2902). Data were collected on a FACStar Plus (Becton 293T cells were cotransfected with ecotropic packaging plasmid
Dickinson Immunocytometry Systems) cytometer while the cell sus- (pCL-Eco, Imgenex) and MIGR1 constructs and viral supernatants
pension was maintained at 37 with continuous stirring. were collected. Bone marrow cells were harvested from the tibias
and femurs of wild-type mice and cultured for 4 days at a density
of 2 	 106 cells/ml in the presence of 6 ng/ml rmIL-3, 10 ng/mlAdherent Respiratory Burst
rmIL-6, and 50 ng/ml rmSCF (stem cell factor) in DMEM containing96-well Immulon 4 HBX plates (Thermo Labsystems) were coated
15% FCS and 5% WEHI-conditioned medium (cytokines purchasedwith 150 g/ml fibrinogen (Sigma, F-9754) in PBS, 15 g/ml poly-
from Peprotech). At 24 and 48 hr, cells were spin-infected withRGD (Sigma, F-5022) in PBS, 20 g/ml antibody (C71/16 anti CD18
retroviral supernatants, followed by intravenous injection into le-[Pharmingen, 557438], or isotype control [Pharmingen, 553927]) in
thally irradiated 10-week-old wild-type recipients as described (Pearcarbonate buffer. Antibody coated wells were blocked with 10%
et al., 1998).FCS. Adherent respiratory burst was measured through oxidation-
induced changes in ferricytochrome C (Sigma, C-7752) absorbance
as previously described (Lowell et al., 1996). When indicated, 50 Acknowledgments
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